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ABSTRACT
Liquid crystals (LCs) are self-assembled soft materials composed of certain anisotropic
molecules with orientational orders. Their widespread applications include information displays
and photonic devices, such as spatial light modulators for laser beam steering and tunable-focus
lens, where achieving desired LC alignment is pivotal. In general, LC alignment is influenced by
several factors, including chemical bonding, dipolar interactions, van der Waals interactions,
surface topographies, and steric factors. Here, we focus on three alignment techniques for aligning
rod-like LC molecules and highlights the photonic devices enabled by these techniques: 1) Twophoton polymerization direct-laser writing-induced alignment, 2) Weigert effect-based reversible
photoalignment, and 3) electric field-assisted alignment in polymer-dispersed liquid crystal
(PDLC) systems.
With the help of advanced two-photon polymerization systems, nano-grooves with
arbitrary orientations can be easily created on a variety of surfaces. The geometric topography
helps align the LC molecules parallel to the groove direction. Alignment on a planar surface, on a
curvilinear surface, and even in the bulk can be realized. Based on the patterning ability, three
photonic devices are highlighted: a switchable geometric phase microlens array, a tunable
compound microlens array, and a polarization-independent phase modulator.
For Weigert effect-based reversible photoalignment, how to achieve space-variant linear
polarization field is crucial. Here, two approaches are investigated: the direct projection method
and the counter-propagating wave interference exposure method. Using the direct projection
method, an LC Dammann grating with pixelized binary phase profile is achieved. Such a method
relies on a spatial light modulator and is convenient for creating pixelized alignment that has abrupt
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changes from pixel to pixel. On the other hand, the interference exposure method can generate
continuously and smoothly changing LC alignment. By such a method, two miniature high-quality
microlens arrays are fabricated and further assembled into a planar telescope. Further
characterizations reveal the high optical quality of the fabricated devices, which not only ensures
their adoption in practical applications, but proves the powerful planar alignment patterning
capability of the photoalignment materials.
For a traditional PDLC system, the LC alignment is random from droplet to droplet, and
the operation voltage of the active PDLC is too high to be employed in practical applications. Here,
we establish a method to perfectly align LC droplets in a PDLC system and use it as a passive film.
The well-aligned passive PDLCs exhibit polarization- and angle-dependent light scattering that
can be engineered through composition tuning. Two kinds of selective scattering films are
demonstrated: The first kind scatters obliquely incident light but is highly transparent for normally
incident light, and the second kind scatters normally incident light but is more transparent for
obliquely incident light.
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CHAPTER 1 : INTRODUCTION
Liquid crystals (LCs) are self-assembled soft materials composed of certain anisotropic
molecules with orientational orders. They respond to external stimulus such as heat, electric field,
magnetic field, and light [1,2]. In the presence of an electric field, these anisotropic organic
compounds with both optical and dielectric anisotropies can be reoriented, resulting in an intensity
and/or phase modulation. Nowadays, liquid crystal displays (LCDs) have become ubiquitous in
our daily lives. Their applications span from smartphones, pads, computer screens, to large-sized
TVs. In addition to displays, LC devices have also found useful applications in beam steering [3],
optical communications [4], lighting applications [5], smart windows [6], tunable metasurfaces [7],
and augmented reality and virtual reality systems [8], just to name a few. To manipulate the electrooptical properties and thus accomplish different device functions, strategies including electrode
designs, compound structures, and special alignment engineering can be utilized. Among them,
alignment engineering has attracted a lot of attentions. The mature LCD industry favors
mechanical rubbing and photoalignment methods which provide high fidelity, precise control on
pretilt angles, and mass production ability. Nevertheless, the LCD industry only requires relatively
simple alignment patterning (e.g., multi-domain alignment). With the improvement of patterning
ability, plenty of LC devices have been designed and demonstrated [9]. As the alignment technique
continuously evolves, we foresee that LC devices with novel or more sophisticated functions will
be introduced, and those baby steps can accumulate to solve big challenges in practical applications.
In general, LC alignment is influenced by several factors, including chemical bonding,
dipolar interactions, van der Waals interactions, surface topographies, and steric factors [10]. For
example, according to Berreman’s model, the long axes of LC molecules tend to be aligned in
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parallel to nano-grooves on a surface, which may be generated by rubbing or other techniques.
Meanwhile, the molecular interactions ensure that rod-shape LCs can be well aligned with the
orientation of certain azo-dye molecules, which is the foundation of one of the photoalignment
techniques. Other external stimuli such as electric fields can also help reorient or align those LC
molecules, which is the basis of modern LCDs. Utilizing external fields for LC alignment can be
important for some cases where the surface confinement is weak. In our studies, we limit the
discussion to rod-shape LC molecules and their photonic devices. Alignment of LCs of other
shapes (e.g., bent core) is nontrivial and it is expected that the investigation of their photonic
devices will take tremendous effort.
Alignment of LC molecules is a broad topic, even if we only consider rod-shape LCs. Here,
we focus on three categories. In Chapter 2, LC alignment by two-photon polymerization (TPP)
technique is demonstrated. Using such a technique, nano-grooves with arbitrary orientations can
be easily created on a variety of surfaces. The geometric topography helps align the LC molecules
parallel to the groove direction. Alignment on a planar surface, on a curvilinear surface, and even
in the bulk can be realized. Based on the patterning ability, three photonic devices are illustrated:
a switchable geometric phase microlens array, a tunable compound microlens array, and a
polarization-independent phase modulator.
In Chapter 3, we explore the patterning capability of Weigert effect-based photoalignment
materials. To form space-variant LC alignment, establishing the corresponding linear polarization
field distribution is the key. Two approaches are investigated: polarization field projection and
interference holography. The projection method can generate desired alignment patterns easily,
but the alignment is discrete (in another word, pixelized). In contrast, the interference approach
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can produce continuous polarization fields, but the alignment pattern relies on a phase mask. Using
these two methods, an LC Dammann Grating and a planar telescope are demonstrated, and their
practical applications are highlighted.
In Chapter 4, we focus on electric field-assisted LC alignment in polymer-dispersed liquid
crystals (PDLCs). The traditional scattering-type PDLC is an active device that can be switched
between a scattering state and a transparent state. The state transition is achieved by applying a
high voltage across the device. Due to the voltage shielding of the polymer matrix, the operation
voltage is relatively high, and the contrast ratio is limited. As a result, the major application of
PDLC is in the variable-transmittance windows. Here, passive PDLCs with good vertical
alignment are investigated. Although the switching capability is removed, the passive PDLC with
designable optical scattering properties is suitable for many applications. In this chapter, how to
obtain good vertical alignment is discussed. Two passive PDLCs with different scattering
properties are illustrated, and examples of their practical applications are highlighted.
Finally, in Chapter 5, the major accomplishments are summarized.
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CHAPTER 2 : LC DEVICES ENABLED BY TWO-PHOTON
POLYMERIZATION
2.1 Two-Photon Polymerization Direct Laser Writing
Figure 2-1 illustrates the working principles of traditional photolithography and TPP directlaser writing (DLW) process. The former utilizes single-photon absorption (usually UV light) of
photoresist to create arbitrary 2D pattern or holographic 3D pattern by multi-beam interference,
while the latter uses two-photon absorption, which requires a much higher intensity of the laser
beam (usually at near infrared wavelength) [11]. Because of the high laser-intensity threshold and
nonlinear nature of the process, a resolution beyond the diffraction limit can be realized by
controlling the laser pulse energy. Previous reports have successfully predicted the size of the
polymerized volume (volume pixel or voxel) by defining a polymerization threshold. As a result,
voxel size as small as ~100 nm can be generated and therefore this technique provides much better
structural resolution and quality than the traditional stereolithography method [12].

Figure 2-1 Working principles of (a) traditional UV photolithography and (b) TPP. The
dashed rectangles highlight the polymerized volume. In traditional photolithography, almost all
the exposed volume is polymerized due to the low threshold of single-photon absorption. While
for TPP, only a localized focal volume is polymerized.
In general, as Fig. 2-2 depicts, there are three working configurations of TPP: air mode,
oil-immersion mode, and dip-in mode. In air mode, there is an air gap between photoresist and
4

objective lens, and the substrate is inverted in z-axis (facing down). In oil-immersion mode, the
substrate is upward and immersion oil is applied between the substrate and the objective to reduce
refraction-related aberrations. In dip-in mode, the substrate is inverted in z-axis and the objective
is directly immersed into the photoresist. Among these three modes, dip-in mode provides the
highest resolution (least aberration), while comparing to oil-immersion mode it offers a larger
maximum feature height. To arbitrarily and accurately pattern 3D features, a laser scanning system
is applied with computer-controlled positioning systems. Here we use a commercialized laser
lithography system (NanoScribe GmbH) to perform TPP processing, with a 780-nm pulsed laser
and dip-in mode is applied. Highly accurate positioning systems including piezoelectric stage (for
x, y, and z axes) for moving samples and galvanometer scanner (for x and y axes) for steering laser
beams are employed to fully benefit from the inherent high-resolution of TPP process. To specify,
piezoelectric stage can travel at the range of centimeter while it needs time to stabilize and the
moving speed is limited. On the other hand, galvanometer scanner offers faster scanning in the
writing plane but with limited travel range (~100 μm). Thus, when writing a relatively large pattern,
the strategy is to divide the pattern into several areas, followed by moving the writing area using
piezoelectric stage and finishing writing in each area using the galvanometer scanner.

Figure 2-2 Three working configurations of TPP: (a) air mode, (b) oil-immersion mode, and
(c) dip-in mode. Among them, dip-in mode suffers from least aberration and thus offers highest
resolution.
5

Due to the extraordinary ability of generating high resolution 3D patterns, a plethora of
studies have used this technique to fulfill various demands. Moreover, as the TPP technique is still
advancing [13,14], more original and inspiring research can be expected.
Previously, TPP has been applied to form micro surface-relief gratings (or microgrooves)
[15] which offers anchoring energy to LCs. For a typical surface morphology-induced anchoring,
a smaller grating period results in larger anchoring energy (10-5~10-6 J/m2 depending on the
employed materials and grating periods) and many have demonstrated the potential of this
technique in uniform or simple space-variant LC alignment [16]. Next, we delve into this
discussion with emphasis from the device viewpoint

2.2 Switchable Geometric Phase Microlens Arrays
Currently, most of the studies are focused on planar surface alignment as this is the simplest
case yet it is fundamentally important. Here, we begin our discussion with the basic binary LC
gratings enabled by surface alignment. These binary gratings are especially useful for optical
switches, beam steering, and advanced LCDs. Pioneering works have achieved these devices
through periodically patterning LC alignment by mechanical rubbing [17] or photoalignment
techniques [18]. The main feature of these devices is the alternatively changing alignment
directions on one substrate (these devices usually consist of two substrates), as depicted in Fig. 23. The green lines in Fig. 2-3 show the alignment direction and the yellow ellipsoids exhibit LC
directors near the alignment surface. By arranging different alignment directions in space, 1D (Fig.
2-3(a)) and 2D (Fig. 2-3(b)) binary LC gratings can be achieved no matter whether the other
substrate is uniform alignment or patterned alignment.
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Figure 2-3 The main feature of (a) 1D and (b) 2D binary LC gratings on one substrate. The
green lines denote the direction of microgroove alignment and the yellow ellipsoids show the LC
directors near the alignment surface.
As an alternative, TPP is also capable of producing such surface alignment. Micro-grating
alignment with a block size of 10s microns has been demonstrated in 2015 [19]. Here, we apply the laserwriting system to show an even finer grating feature. The scanning electron microscopy (SEM) images are
shown in Fig. 2-4. During the exposure, the high-power laser scans at the substrate-photoresist interface in
a line-by-line fashion, resulting in nanogrooves with 300-nm line period and 100-nm depth. The period of
the final 1D grating (Figs. 2-4(a) and 2-4(b)) is 7.2 μm while that of the 2D grating (Figs. 2-4(c) and 2-4(d))
is 7.2 μm in both orthogonal directions. We have further tested the alignment by assembling an LC cell
where uniformly rubbed alignment, parallel to one of the patterned alignment directions, is formed on the
other substrate. The LC cell gap (d) and material fulfil the first minimum condition of 90° twisted-nematic
(TN) mode as [20]:

d ∆n =( 3 / 2)λ ,

(1)

where Δn is the birefringence of the LC and λ is the operating wavelength. It is turned out that such gratings
with 7.2-μm grating period can be aligned well.
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Figure 2-4 SEM images of (a, b) 1D and (c, d) 2D grating alignment on one substrate. The
nanogrooves have 300-nm period and the red arrows highlight the local LC alignment directions.
Scale bar: 20 μm (a), 2 μm (b), 20 μm (c), and 2 μm (d).
After examining the simplest alignment patterns, we can further target on more complicated cases.
Here we demonstrate the potential of arbitrary 2D LC alignment pattering by assembling single-side
aligned LC microlens arrays based on Pancharatnam-Berry (PB) phase (or geometric phase, GP). Unlike
the traditional dynamic phase introduced via optical path difference, PB phase corresponds to the phase
shift induced by the changes in other light wave parameters [21,22]. A commonly employed method for
generating LC-based PB phase elements is by patterning half-wave plates in a spatially variant manner.
The PB phase modulation can be predicted and designed by Jones matrix calculus. For an LC
waveplate with a spatially varying director (local optical axis) distribution φ(x,y) in the x-y plane,
the Jones matrix upon normal incidence can be described by:
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where R is the rotation matrix, I is the identity matrix, and Γ is the LC phase retardation. The phase
retardation is related to LC layer thickness (t), birefringence (Δn), and incident light wavevector
(k) as Γ=tΔnk. With a circularly polarized input light (𝐄𝐄𝑖𝑖 =
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Eo =J ⋅ Ei =cos

1

√2

1
� �), the output light (𝐄𝐄𝑜𝑜 ) can be
±𝑖𝑖

Γ
Γ
i 1
Ei −
sin e ± i 2ϕ .


2
2
2  i 

(3)

Equation (3) has several implications: 1) The output has two orthogonal polarization states
where the spin-flipped part is imposed of PB phase of ±2φ. A continuous phase change from 0 to
2π can be obtained by rotating the LC directors from 0° to 180°, and thus the wavefront of a
circularly polarized input can be engineered by mapping the LC directors on the x-y plane. 2) The
efficiency of the spin-flipped part depends on the retardation as sin2 (Γ/2) such that a half-wave

retardation results in a maximum efficiency. With this powerful tool, we are able to create desired phase
distribution for a PB microlens array via alignment patterning. Figure 2-5(a) demonstrates the LC alignment
pattern on one substrate with a highlight on the LC director distribution for an individual microlens, while
the working principle of the PB microlens array is illustrated in Figs. 2-5(b) and 2-5(c). Note that other than
assembling a cell, this device can also work as passive elements through spin-coating reactive mesogen
with certain thickness (that fulfils half-wave condition) and then UV curing. For such a passive device or
an active device at voltage-off state, if it serves as converging lenses for right-handed circularly polarized
light (RCP), it will diverge left-handed circularly polarized light (RCP), or vice versa.
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Figure 2-5 Working principles of the PB microlens array. (a) Schematic illustration of the
patterned alignment layer on one substrate for a PBMLA. The highlight shows the desired LC
alignment for a single microlens. In experiment, P = 148 μm. (b, c) When the PBMLA serves as
converging lenses for RCP, it serves as diverging lenses for LCP. PBMLA: Pancharatnam-Berry
phase microlens array.
An advantage of 2D nanogroove alignment is that it is compatible with nanoimprint lithography
(NIL) [23]. NIL can boost the fabrication yield because of its relatively simple and quick processes. In
experiment, a stamp was first cast from the master with nanogrooves (600-nm line period) made from TPP.
Then, through NIL, the alignment pattern can be readily transferred onto a substrate coated with SU-8
photoresist. Figure 2-6 exhibits the SEM images of the imprinted pattern. The design of phase profile is in
a discrete sense, as defined by different zones. In each zone, the alignment is uniformly oriented toward
one direction and there are at least five zones within 180° rotation of the alignment directions. The zone
directions are defined to match the target LC director orientations. The directions of the nanogrooves can
be clearly distinguished from one zone to another and if filled with LCs, the LC directors will be aligned
along the nanogrooves. Some spaces were left blank to let LCs rotate freely between two different zones.
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It was also studied that the discrete nature of the phase introduced by the zones only slightly diminishes the
efficiency and peak intensity. From the angled view (Fig. 2-6(d)), the 2D flat pattern can be observed. By
further assembling a single-side aligned LC cell with 1.6-μm cell gap, it shows that the focal length of the
microlens array is around ±2.49 mm at 633 nm, ±2.84 mm at 546 nm, and ±3.40 mm at 450 nm. The
corresponding efficiency at voltage-off state is 47.2% for 633 nm, 57.6% for 546 nm, and 52.2% for 450
nm (defined as the ratio of the optical power of focused beam to that of circularly polarized incident beam).
The efficiency is not very high due to some misalignment especially at corners where the spatial frequency
is the highest (Fig. 2-7), and the diffraction effect of the array, digitized phased profile (Fig. 2-8), etc.
Nevertheless, such a microlens array exhibits good image quality at 8 Vrms with a switching time of 3.57
ms (Fig. 2-9), which is much faster than a tunable refractive microlens. The good quality ensures the
feasibility of patterning arbitrary 2D alignment using TPP (and potentially combined with NIL).

Figure 2-6 SEM images of the imprinted alignment for a PB microlens array. (a) Top view
where (b, c) are zoom-in views showing the nanogrooves orienting at different directions. (d)
Angled view. Scale bar: 20 μm (a), 2 μm (b), 2 μm (c), and 10 μm (d).
11

Figure 2-7 Phase profile characterization of the fabricated PB microlens array. (a) The
extracted phase profile of the fabricated single microlens, where λ = 546 nm. (b) The difference
between the ideal phase profile and the extracted phase profile.

Figure 2-8 Theoretical prediction of the focusing performance. (a) Phase profile along diagonal
axis for both the continuous case and the digitized case. (b) Calculated intensity profile along
horizontal axis in the focal plane for both cases.
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Figure 2-9 The white-light imaging capability of the PB microlens array for different targets.
From top to bottom: (a) ‘UCF’ letters, (b) the four-dot target and (c) the three-bar target. The inset
red dashed rectangle in (b) denotes a single four-dot image formed by the PB microlens array. The
applied voltage at voltage-on state is 8 Vrms. Scale bar: 20 μm for all.
2.3 Tunable Compound Refractive Microlens Arrays
In the previous section, we focused on the device enabled by 2D alignment. In this section,
we explore a composite-lens type refractive LC microlens array based on LC alignment created on a
curvilinear surface. These tunable-focus liquid crystal (LC) microlens arrays are an essential optical
component for image processing, beam steering, wavefront correction and switchable 2D/3D displays [2426]. Figure 2-10(a) illustrates the schematic plot of such an LC microlens array. It consists of a passive
microlens array (can be polymer or others) and a uniform alignment layer on top of that. After the LC cell
is finished, the LCs will be alignment along one direction, resembling homogeneous alignment. The
working principle utilizes the dielectric constant difference between LCs and passive lenses as well as the
birefringence of the LCs (Figs. 2-10(b) and 2-10(c)). If LCs and passive lenses have distinct dielectric
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constant, when applying appropriate voltages, the voltage shielded by the passive lenses will vary according
to its thickness. This in turn results in different phase delay across the lens and thus leads to tunable focal
lengths. An intrinsic property of this type of lenses is that they are bi-focal. The focal length is tunable only
for one linear polarization of light that is parallel to the alignment direction.

Figure 2-10 Configuration and working principle of the refractive microlens array. (a)
Schematic illustration of the composite-lens type LC microlens array. (b, c) As a bi-focal lens, the
focal length is tunable only for one linear polarization of light (parallel to the alignment direction).
By applying different voltages, the RMLA can either diverge or converge input light. RMLA:
refractive microlens array.
Previously, to achieve a composite lens, the alignment and the passive lenses are created
independently [27]. By TPP, the composite lens and alignment layer can be generated simultaneously.
Figure 2-11 demonstrates the slanted SEM images of fabricated polymer microlens with nanogroove
alignment (700-nm line period). The size of each microlens is 120×120 µm2 and the height is 5 µm. The
nanogroove alignment can be clearly observed from the zoom-in view (Fig. 2-11(b)) where the red arrow
highlights the alignment direction. This patterned substrate can then be adhered to another substrate with
alignment parallel to the nanogroove direction and an LC test cell can be formed.
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Figure 2-11 Slanted SEM images of the passive refractive microlens array with nanogroove
alignment fabricated by TPP. (a) Top view where (b) is a zoom-in view showing the
nanogrooves orienting uniformly toward one direction as the red arrow denotes. Scale bar: (a) 20
μm and (b) 2 μm.
Figure 2-12 depicts the voltage dependent focal length of the fabricated microlens array at three
specified wavelengths. It is worth mentioning that the depth of focus of the microlens array is around 0.3
mm, leading to variations when measuring focal lengths. Our designed microlens is essentially a composite
lens, consisting of a convex polymer lens and a concave LC lens. Without voltage, the composite microlens
is concave since the extraordinary refractive index (ne = 1.74) of the LC material is larger than the refractive
index of the photoresist (n = 1.52). Above the threshold voltage (Vth ~ 1.5 V), the focal length of the concave
LC lens starts to increase, and the composite microlens finally becomes convex at around 1.8 V. For our
test cell in the convex tuning range, a well-defined focus can be found from 1.8 V to 4.5 V, and the focal
length has a minimum at around 2.6 V.
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Figure 2-12 Measured voltage dependent focal length of our fabricated microlens array at
three specified wavelengths: R = 633 nm, G = 546 nm, and B = 450 nm.
Figure 2-13 shows the extracted phase profiles along x and y directions, as a function of applied
voltages. To extract the phase profile of a single microlens in both x and y directions, polarized optical
microscopy (POM) is applied where the direction of the nano-groove is at 45° to the crossed polarizers. All
the phase profiles are directly extracted from the inset POM images, where a green interference color filter
(λ = 546 nm) is utilized to generate narrow-band light source. At 2 V, there is a plateau in the central part,
along x direction. This is due to the increased voltage shielding as the polymer thickness increases. At this
voltage, the central part of the LC molecules is still not responding to the applied field, leading to the plateau
in the phase profile. Another noteworthy phenomenon of this microlens array can also be seen from Fig. 213. Without voltage, the phase profile of the microlens is perfectly centrosymmetric. In the presence of
voltage, the sample has astigmatism-like aberration below 3.6 V, where the characteristic of the aberration
resembles that in [28]. This phenomenon indicates that the polymer microlens produce a conformal pretilt
angle. The pretilt direction on the bottom substrate is parallel to that on the top superstrate on one side of
the microlens, but anti-parallel to that on the top superstrate on the other side of the microlens. The
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asymmetry of the pretilt angle causes strong asymmetry of the LC morphology when the applied voltage
is slightly above Vth. However, the asymmetry of the LC directors diminishes after further increasing the
applied voltage. At 3.6 V, the astigmatism-like aberration is almost indiscernible. In a previous work [29],
when using two-photon polymerization direct-laser writing technique to create planar alignment, no pretiltangle effect was observed. Here we experimentally demonstrate that the pretilt angle can be generated by
this technique, on curvilinear surfaces. Further studies may apply this technique to engineer the pretilt
angles.

Figure 2-13 Extracted phase profiles along x and y directions as a function of applied voltage.
Inset is the polarized optical microscopy image of a single microlens. The blue and red dashed
lines indicate the x and y directions, respectively.
As a microlens, imaging capability is another important aspect. Figure 2-14 shows the white-light
(halogen) microscopic images of the imaging targets and the images formed by the microlens array under
different applied voltages where the targets are 4.4 mm away from the bottom substrate of the sample. For
different applied voltages, the distance between the cell and the camera is adjusted such that the images are
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captured at the image plane. As noticed in Fig. 2-14, without voltage, the images are virtual and erect in
that the microlens array is concave. On the other hand, the images are real and inverted in the other cases
since the microlens array is convex. In our experiment, three-bar target and four-dot target are chosen to
test the resolving ability of the microlens array. It turns out that the three-bar target with 57.0 lp/mm
resolution can be resolved and the four-dot target can also be separated well. We also employ the ‘UCF’
letters to demonstrate the imaging of a non-centrosymmetric pattern, which shows clear images in both
concave and convex cases.

Figure 2-14 White-light imaging capability for different targets as a function of applied
voltage. From top to bottom: ‘UCF’ letters, four-dot target, and three-bar target. Scale bar: 20 µm
for all.
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2.4 Polarization-Independent Phase Modulators
While photoalignment, rubbed alignment, and TPP-based alignment can all work for surfaces with
good UV/heat stability, the latter exhibits unique potential to organize LC directors in bulk. Here, we initiate
the discussion with a case, which is a polarization-independent phase modulator. Phase-only spatial light
modulators (SLMs) are widely used in holograms [30], laser pulse shaping [31], optical
communications [32], laser beam steering [33], tunable-focus lens [34], and optical angular
momentum control [35]. Typically, to realize phase-only modulation, a linearly polarized light is
required. For the above-mentioned applications, a polarization independent SLM is highly
desirable.
Figure 2-15(a) schematically shows the device architecture. To fabricate the proposed
double-layer structure, first the nano-groove alignment layer on the bottom glass substrate is
patterned. Next, arrays of pillars to serve as supports for the partition layer are formed which is
followed by polymerization of the partition layer written with orthogonal directions on either side.
At the end of the TPP process, four quadrants of pillar arrays slightly outside of the functional area
are added to control the total cell gap to approximately 5.75 µm.

19

Figure 2-15 (a) Schematic of the proposed structure, and (b-d) SEM images of a 360 by 360
µm2 sample. The series illustrate more details of the structure. The red arrows in (d) denote
that the alignment on the top of the pillars and under the partition layer is perpendicular to the
alignment on the top of the partition layer. Scale bars: 100 µm (b), 10 µm (c), and 1 µm (d).
Figures 2-15(b-d) show the SEM images of a sample with dimension of 360 by 360 µm2
before filling the LC. The distance between pillars within the functional area is 13 µm and the size
of each pillar is 1.8 by 1.8 µm2. The surrounding pillars are elongated to withstand the relaxation
of the polymer film during TPP process [36]. Individual writing sections are 90 by 90 µm2.
Connecting bars are made to provide structural stability over the large-area pattern and periodic
holes are designed to help with development and evaporation of solvents in order to prevent
structural collapse. The size of surrounding pillars and connecting bars is set to be 3 by 9 µm2.
Figure 2-15(d) demonstrates the function of the partition layer and shows the orthogonal alignment
directions on the top and bottom sides of the partition, as indicated by the direction of the grooves.
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From SEM images the thickness of the bottom alignment layer and the partition layer are measured
to be 0.1 μm and 1.4 μm, respectively. Subsequently, the thickness of each LC layer is estimated
to be 2.12 µm from the total measured cell gap of 5.75 µm. It is noteworthy that, even though the
partition layer is so thin, the structure is thermally stable as no noticeable changes are observed
after heating the sample at 100 oC for two hours.
To investigate the scale-up capability, a 3.3 by 3.3 mm2 sample is fabricated. Figure 2-16
shows the polarized optical microscope (POM) images of the sample where the polarizer and
analyzer are crossed. In Figs. 2-16(a), 2-16(b) and 2-16(c), the bottom layer alignment of the
sample is parallel, 45°, and perpendicular to the polarizer, respectively. The pillar arrays which
control the total cell gap of the working area are shown in Fig. 2-16(d). It is worth noting that the
bright spots in Figs. 2-16(a), 2-16(b) and 2-16(c) indicate the location of pillars and that they offer
orthogonal alignment to that of the top layer, as shown in Fig. 2-15(d). The LC molecules between
the pillar and the rubbed superstrate will rotate 90° along the stack direction, forming a twistednematic (TN) region. In the voltage-off state, a TN cell transmits light and appears white between
crossed polarizers. Also, in Figs. 2-16(a) and 2-16(c), some dimmed but not dark spots are
observed. These spots correspond to periodic holes which are designed to help with structure
development, as mentioned before. The LC molecules above the holes have no preferential
orientation, leading to light scattering in some extent. However, the light scattering introduced by
the holes is negligible as the size of the holes is small. Therefore, the actual working area is the
dark area where nearly no light passing through the crossed polarizers. The aperture ratio of the
fabricated structure is about 91%. By reducing the size of each pillar or further improving the
stabilization structure, a larger working area is achievable. From Fig. 2-16(b), a small light leakage

21

in some sites (dark blue color instead of black) is observed, indicating that the thickness of the two
LC layers is not perfectly uniform across the entire working area. This non-uniformity could
originate from the relaxation and lateral shrinkage of partition layer during polymerization process,
therefore distorting the LC director.

Figure 2-16 POM images under crossed polarizers. Bottom layer alignment is (a) parallel, (b)
45°, (c) perpendicular to the polarizer. (d) Pillar arrays which control the total cell gap. Scale bar:
100 µm for all.
To investigate the electro-optic response, the device is characterized with a Mach-Zehnder
interferometer. The sample with 3.3-by-3.3 mm2 working area is positioned at the center of one
arm and a pinhole in front of the photodetector is used to select the region of the sample. By placing
a linear polarizer after a unpolarized He-Ne laser (λ = 632.8 nm), input polarization is well
controlled. Figure 2-17(a) shows the measured and simulated voltage-dependent phase change at
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different polarization states. The voltage-phase curves exhibit a small discrepancy for different
polarizations, due to the slightly unequal thicknesses of the two LC layers. However, the overall
response is polarization insensitive. Simulation result obtained by DIMOS software is shown by
the red dashed curve which takes the voltage-shielding effect of polymer films into consideration.
It agrees reasonably well with the experimental data. At 15 V, a phase change of 2.3 π is achieved
at λ = 632.8 nm. The relaxation time (100% to 10%) of the phase modulator is measured using an
unpolarized He-Ne laser beam to be 8.85 ms at 23oC as can be seen in Fig. 2-17(b).

Figure 2-17 Phase characterizations as a function of operation voltage and decay time. (a)
Simulated and measured voltage-phase responses of the two-layer LC cell under different input
polarizations. Black dashed line denotes 2π phase change. (b) Measured transient phase relaxation
curve of the test cell where an unpolarized He-Ne laser beam is employed. Red dashed lines
indicating the decay time (100% to 10%) is 8.85 ms at the room temperature (23oC).
The present cell in the transmissive mode provides a phase change of 1.2π at λ = 1.06 µm
which can be doubled to 2.4π in reflection mode, while maintaining a fast 8.85 ms response time.
In order to achieve the full 2π phase change, the thickness of each layer needs to be 3.6 µm and
the response time increases by 2.88 times. The concept can be extended to longer wavelength range
by either slightly increasing the cell gap or operating in reflective mode. Another solution of
working at longer wavelength is to build more layers. The advantages include more total phase
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change and keeping fast response time, but the tradeoffs are linearly increased operation voltage
and potential structure stability issue. In experiment, it is noticed that larger pillars are preferred
to maintain the stability of the structure during the TPP process when more layers are required.
This will also result in smaller working area as the pillars are enlarged.

2.5 Design Challenges and Considerations
2.5.1 Fabrication Yield
The designs of abovementioned LC devices are only tested in lab, in which fabrication
yield is not a concern. However, when pursuing for large-area devices, the TPP DLW process is
time-consuming because it is intrinsically a serial process. For instance, after a first-order
optimization of writing parameters, a throughput of 0.01 in2/hr was reported for writing a duallayer phase modulator scaffold [37]. To overcome this bottleneck, many methods have been
proposed, such as using holographic components and spatial light modulators [38]. The basic idea
is to turn the serial process into parallel process, and this works for all cases (2D, 2.5D and 3D
structures). In particular for 2D structures, other technique such as NIL can assist to improve the
fabrication yield while maintaining high quality and good reliability,

2.5.2 Polymer Relaxation/Deformation
When constructing more layers in a phase modulator, polymer shrinkage can be a potential
issue. As an example, Fig. 2-18 demonstrates a peeled-off four-layer phase modulator scaffold due
to the relaxation of polymerized photoresist. With the same polymer pillar/supporter parameters,
dual- and three-layer scaffolds can withstand the residue stress after polymerization. To avoid
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peeling off or other polymer deformation (such as curved edges), stronger supporter can be
designed, often in cost of the size of effective area (aperture ratio). This is not a special case but
rather general [36]. Other strategies to correct this problem are through chemical group
engineering of photoresists [39] and geometrical pre-compensation of the expected deformations
[40]. Interestingly, the residue stress that is detrimental for fabrication of 3D structures can be
harnessed to create 3D geometries from 2D patterns [41]. By investigating the residue stress in
terms of polymerized layer number, it has been demonstrated that the polymer self-bending can be
designed to create different shapes of lotus flower as well as a shark skin-like geometry.

Figure 2-18 SEM images of a peeled-off four-layer scaffold for a phase modulator. (a) Top view and
(b) side view. Scale bar: 20 µm (a) and 2 µm (b).
2.6 Summary
In this chapter, TPP DLW-assisted LC alignment and the enabled devices are introduced.
Taking the advantages of high-resolution 3D fabrication, TPP is able to generate LC alignment
based on surface morphology easily. These alignment patterns can be created on planar, curvilinear
surfaces, and especially in a 3D volume. Specifically, for planar surface alignment, we started from
demonstrating simple orthogonal-direction patterned alignment for LC binary gratings. Then,
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through an example of PB microlens array, the feasibility of arbitrary-direction alignment
patterning was proven. Then, we discussed the viability of creating alignment on curvilinear
surfaces via an instance of refractive microlens arrays. Unlike traditional method, TPP is capable
of polymerizing both microlenses and alignment simultaneously with high quality. Next, we
highlighted the unique feature of TPP that is to construct LC alignment in a 3D volume. We
demonstrated a simple multi-layer structure for phase modulation that can achieve fast response
time, polarization-independent function, and controllable voltage shielding. Lastly, we point out
two technical issues for future research: fabrication yield and polymer relaxation/deformation. As
TPP is intrinsically a serial process, the fabrication yield for large area can be low. To overcome
this issue, turning the serial process to parallel one is crucial. Another aspect, post-polymerization
deformation of the photoresist, should also be considered during designs. As the advances in
fabrication technique will bring in new possibilities, we believe TPP-based DLW can achieve
numerous novel tunable LC photonic devices in the near future.
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CHAPTER 3 : LC DEVICES ENABLED BY PHOTOALIGNMENT
PATTERNING
3.1 Photoalignment Materials and Patterning
In general, the mechanisms of forming preferred LC alignment directions in
photoalignment materials can be categorized into reversible and irreversible processes. The
irreversible process involves photochemical reactions such as chemical bond breaking or addition
reactions, while the reversible process include trans-cis isomerization or Weigert effect (e.g.,
photo-driven reorientation of azo-dye molecules under polarized UV irradiation). In our studies, a
cost-efficient UV dye “Brilliant Yellow” based on the Weigert effect is applied to construct a
variety of photonic devices. For such a photoalignment material to work, how to create a stable
linear polarization field distribution is crucial [42].
In this chapter, we investigate two photonic devices enabled by photoalignment patterning:
an LC Dammann grating and a miniature planar telescope. For the LC Dammann grating, the
polarized field is created through direct projection based on a spatial light modulator. For the
miniature planar telescope, the desired field is generated by an interference-like exposure method.
Depending on needs, different methods can be employed to achieve the designed polarized field
distribution. Device characterizations are highlighted to further illustrate the alignment quality.

3.2 LC Dammann Gratings for Near-Eye Displays
3.2.1 Motivation
Augmented reality (AR), virtual reality (VR), and mixed reality (MR) near-eye displays
are emerging rapidly [43] because of their potential to revolutionize entertainment, education,
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engineering, and healthcare. A major obstacle which influences the user experience of these
AR/VR displays is the vergence-accommodation conflict (VAC) [44,45]. For most existing neareye displays, the depth cue is generated by binocular disparity, where two different images are
respectively delivered to the observer’s left and right eyes. On the other hand, the virtual image
plane is fixed so that the accommodation distance is not image dependent. Such a mismatch
between vergence and accommodation cues results in visual discomfort and fatigue.
To tackle VAC, plethora of methods have been proposed, including but not limited to
multi-focal plane displays [46], vari-focal plane displays [47], integral imaging-based displays
[48], holographic displays [49], and Maxwellian view displays [50]. Among them, Maxwellian
view is a special display to bypass this VAC issue by providing a very large depth of focus.
Moreover, the optical system of a Maxwellian view display is usually quite energy efficient, simple,
and compact. However, due to its pinhole-like imaging, the eyebox is limited. Upon eye movement,
the viewpoint can be easily missed out by the pupil.
Here, we propose and demonstrate a Maxwellian view near-eye display with an enlarged
eyebox achieved by viewpoint replication. To create multiple viewpoints at the same time, we
propose to insert a Dammann grating with multiple diffraction orders, good overall efficiency, and
high brightness uniformity into the optical system. In experiment, we design and fabricate a
customized Dammann grating based on patterned LC polymers. A simple proof-of-concept
prototype is also established. The use of a Dammann grating in a Maxwellian view near-eye
display can offer full-color imaging and enlarged eyebox, while keeping a compact size and
lightweight.
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3.2.2 Maxwellian View Near-Eye Displays
Figure 3-1(a) depicts a typical configuration of Maxwellian view near-eye display. The
image produced by the laser beam scanning projector (LP) is incident on an optical combiner (OC)
with focusing power. The eye views the image by placing the pupil near the focal point of the OC.
The image is directly formed on the retina and is always in focus, regardless of the optical power
of the eye lens. Ascribed to this pinhole-like imaging, this focal point of OC can be easily missed
upon eye movement. To ensure that the image can be observed by the eye (as shown in Fig. 31(b)), two common approaches have been investigated, namely pupil steering and pupil replication.

Figure 3-1 Schematic illustrations of (a) a typical Maxwellian view display and (b) a
Maxwellian view display with enlarged eyebox. LP: laser projector; OC: optical combiner.
Pupil steering is generally more energy efficient, as it creates one viewpoint at a time. This
can be realized by adjusting the eyebox in spatial frequency domain or using a mechanically
movable device [50]. However, these methods usually result in a much more complex, high cost
or large volume display system. By contrast, generating multiple viewing points in space at the
same time can be much easier, but some of the optical power will be inevitably lost. Previously,
1D and 2D pupil replication in Maxwellian view near-eye displays with simple optical systems
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have been reported [51,52]. Nonetheless, they either suffer from single color operation, image
artifacts, or limited eyebox expansion.

3.2.3 Customized LC Dammann Gratings
For viewpoint replication in Maxwellian view near-eye displays, multiple viewpoints with
uniform brightness distribution are desired. Generating multiple views in space can be realized by
diffracting beams into multiple orders in angular domain. Although using an arbitrary grating may
create a lot of viewpoints, it can hardly fulfil the requirement of evenly distributed optical power
in those diffraction orders. Fortunately, Dammann gratings with optimizable diffraction orders can
meet this challenge. They are binary gratings with calculated transition points within a period [53].
Here, patterned LC polymers are employed to fabricate the Dammann grating. As shown
in Fig. 3-2(a), the LC polymer consists of a photoreactive mesogen and an alignment layer. To
create the patterned binary phase, the LCs are aligned in either 0° or 90° with the desired alignment
pattern created from a spatial light modulator (SLM), and the LC polymer film serves as a
patterned half-wave plate. For incident left-handed circularly polarized light, its polarization is
flipped to right-handed upon transmitting through such a wave plate and a geometric phase term
is added. Most of previous Dammann grating designs have focused on achieving perfect binary
gratings. However, in an LC-based Dammann grating, line defects can appear at the LC alignment
domain boundaries [54]. As we will compare later, if LC alignment at the domain boundary has
an abrupt change, the overall alignment quality would deteriorate, causing unwanted misalignment
and light scattering. Therefore, in our design, we take this boundary continuity into account by
inserting a single alignment transition pixel line with 45° alignment angle in between two domains.
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With predefined rotation direction in between two domains, the unwanted misalignment can be
mostly eliminated. During the optical optimization of the Dammann grating, diffraction effect
from the transition buffer pixels is also considered. Meanwhile, since we are using a SLM for
patterning, the effect of discrete pixels needs to be accounted as well.

Figure 3-2 Schematic illustration of the LC Dammann gratings. (a) LC director distribution in
a Dammann grating-patterned LC polymer film. (b) Phase profile of a control Dammann grating.
(c) Phase profile of the customized Dammann grating. The insets show the phase profile within a
repeating unit. Note that in (c), there is a single pixel line with π/2 phase between 0 and π phase
domains.
To prove concept, a 3-by-3 Dammann grating is optimized with good efficiency and high
uniformity. The optimization is performed by sweeping the transition points of a 2D binary grating
and the efficiency of each diffraction orders is numerically calculated by the Huygens-Fresnel
principle with the Fraunhofer approximation. As a comparison, we also adopt a design from perfect
binary gratings [53]. The transition points for the control design and our design are 0.7353 and
0.2766, respectively, as depicted in Figs. 3-2(b) and 3-2(c). It is important to note that for LC
polarization gratings with continuous LC director rotation, the diffraction pattern is strongly
circular polarization dependent [52]. For our customized Dammann gratings, the grating is almost
binary and symmetric in 2D space, and thus the far-field diffraction pattern will be nearly the same
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for both circular polarizations. Consequently, the Dammann grating is suitable for both
unpolarized and polarized light operations.
In experiment, both reference and customized Dammann gratings are fabricated, following
the procedure shown in Fig. 3-3(a). First, a thin film of photoalignment material, 0.4wt% Brilliant
Yellow (BY, from Tokyo Chemistry Industry) dissolved in dimethylformamide (DMF) solvent, is
spin-coated onto cleaned glass substrates with 500 rpm for 5 s and 3000 rpm for 30 s. Then, the
substrates coated with BY are mounted on the sample holder for exposure. The photoalignment
material is responsive to linearly polarized short-wavelength light (e.g. UV, blue). Upon
illumination, the photoalignment materials will be aligned perpendicular to the linear polarization
of light, resulting in a minimum free-energy state. The exposure setup shown in Fig. 3-3(b), which
is similar to that reported in [55], is to create the desired linear polarization field that matches the
design. The employed SLM is a phase-only liquid-crystal-on-silicon (LCoS) device (Himax
HX7322), the lens used in the setup has a focal length of ~8 cm, and the recording wavelength is
488 nm. In this setup, the incident light is linearly polarized along 45°, assuming that the LC
alignment direction in SLM is along 0°. The fast axis of the quarter-wave plate is also placed along
45°. In this way, by increasing the phase retardation of SLM from 0 to 2π, the output linear
polarization direction will be continuously rotated by π, and thus a full linear polarization control
is achieved. The linear polarization patterning can be understood by Jones matrix calculation [55].
After exposure, a reactive mesogen solution, consisting of 97wt% reactive mesogen RM257 (from
LC Matter) and 3wt% photo initiator Irgacure 651 (from BASF) dissolved in toluene with a weight
ratio of 1:3, is spin-coated onto the substrates with 2000 rpm for 30 s. As the final step, the samples
are cured by a UV light (365 nm) for 5 min with ∼10 mW/cm2 irradiance
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Figure 3-3 Fabrication of LC Dammann gratings. (a) LC Dammann grating fabrication
workflow. (b) Exposure setup for recording the Dammann grating pattern on LC alignment layer.
PAL: photo-alignment layer; LCM: liquid crystal mesogen; P: polarizer; FE: filtering and
expansion; SLM: spatial light modulator; QWP: quarter-wave plate; L: lens; S: sample.
To characterize the fabricated LC Dammann gratings, POM images of reference grating
and designed grating are recorded, as Fig. 3-4 shows. Here, the alignment direction within a
domain is parallel to the polarizer’s optic axis. In that sense, both 0° and 90° aligned LC domains
will be dark under POM. However, at the boundary of different alignment directions, light leakage
will be observed due to line defects (Fig. 3-4(a)) or alignment transition (Fig. 3-4(b)). As can be
seen, the light leakage lines outline the alignment pattern, which agrees well with the designed
phase pattern shown in Fig. 3-2. For the reference grating, the light leakage lines are narrower.
However, unwanted misalignment and defects are quite visible. Interestingly, with predefined
alignment transition, the alignment quality is much improved. The grating period of the customized
grating is roughly 75 μm, which corresponds to ~0.41° first-order diffraction angle in air for a
green wavelength.
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Figure 3-4 Polarized optical microscope image of the fabricated LC Dammann grating. (a)
reference grating (period ~72 μm), (b) designed grating (period ~75 μm). A: analyzer; P: polarizer.
The half-wave wavelength of both fabricated Dammann gratings is characterized by
inserting them in between two circular polarizers with the same handedness. As demonstrated in
Fig. 3-5(a), the central wavelength appears at λ≈530 nm. Noticeably, the customized Dammann
grating can reach a reasonably good dark state, while the reference grating shows ~5% light
leakage at λ≈530 nm. This light leakage is mainly ascribed to the misalignment and defects, which
cause light scattering. For the customized grating, its overall diffraction efficiency should follow
the sin2 (Γ/2) law upon wavelength changes, where Γ is the phase retardation of the LC polymer.

In fact, to overcome this wavelength-dependent diffraction efficiency, a multi-twist structure along

thickness direction can be introduced, as reported in [56,57]. To observe the diffraction pattern of
fabricated Dammann gratings, we put the samples in front of a green point source and use a camera
to capture the transmitted light, as shown in Fig. 3-5(b). The diffraction patterns of reference
grating and designed grating are manifested in Figs. 3-5(c) and 3-5(d), respectively. For both
gratings, multiple diffraction orders are observed. Nevertheless, for the reference grating, the
central 0th order shows much higher efficiency than other orders. Moreover, the higher orders of
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the reference grating exhibit a greater efficiency than those of the customized grating, and the
diffraction pattern of the reference grating is more blurred, which is due mainly to LC
misalignment and defects. For a well-aligned LC Dammann grating, the designed diffraction
orders have more evenly distributed energy. Per our measurements, the diffraction efficiency of
the customized Dammann gratings for green light and central 3-by-3 diffraction orders is ~45%,
which is close to the simulation results (~55%). Here the diffraction efficiency is defined as the
power sum of the central 3-by-3 orders (in total 9 orders) divided by the total transmitted power.
The uniformity, defined as (Imax – Imin)/(Imax + Imin), where Imax is the maximum intensity and Imin
is minimum intensity, is measured as ~0.13, which agrees well with the simulation (~0.08).

Figure 3-5 Optical characterization of the fabricated LC Dammann gratings. (a) Measured
(normalized) transmission spectra of the fabricated reference (black line) and customized (red line)
Dammann gratings between two parallel circular polarizers. (b) Schematic of diffraction pattern
characterization of the fabricated LC Dammann gratings. (c) Recorded diffraction pattern for the
reference grating. (d) Recorded diffraction pattern for the customized grating where the phase
profile has been optimized. LS: light source; CP: circular polarizer; DG: Dammann grating; FS:
fiber spectrometer; S: screen.
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3.2.4 Demonstration of Maxwellian View Displays with an Enlarged Eyebox
To show that Dammann grating can enlarge the eyebox of a Maxwellian view near-eye
display, a proof-of-concept breadboard demo is constructed, as schematically shown in Fig. 3-6.
A laser beam scanning projector (Sony MP-CL1) is firstly collimated by a lens (L1). After passing
through the fabricated Dammann grating (DG), an eyepiece lens (L2) is used to form the viewpoints.
Since our Dammann grating is a 2D grating with multiple diffraction orders, the eyebox is enlarged
in 2D space by several times. Here we mainly focus on the central 3-by-3 views, as numbered in
Fig. 3-6.

Figure 3-6 Schematic plot of the established Maxwellian view display with an enlarged
eyebox. The eyebox is enlarged in 2D space, and the different viewpoints are numbered with the
central view (0th diffraction order) numbered as #5. LP: laser projector; L1 : collimation lens; DG:
Dammann grating; L2 : eyepiece; OC: optical combiner; EB: eyebox.
In our experiment, the optical combiner is a 2-inch non-polarizing beam splitter, and a
camera is placed at the focal plane of the eyepiece lens to record the projected images. As
demonstrated in Fig. 3-7(a), when the camera is shifted in horizontal direction, different views of
a red letter, C, is captured. To show that the Dammann grating is broadband, we also recorded the
images of a green letter, A, and a blue letter, B, at view #8, which corresponds to the first
diffraction order in the vertical direction.
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Figure 3-7 Imaging characterization of the Maxwellian view display demo. (a) Captured
images of a red letter, C, at different viewing positions. (b) Captured images of a green letter, A,
and a blue letter, B, at viewpoint #8.
In our feasibility demonstration, the distance between different viewpoint is ~1.4 mm along
both x and y directions in the 2D space. From geometry of the optical system, the viewpoint
separation is closely related to grating pitch (thus diffraction angle) and focal length of the eyepiece.
Since here the grating pitch is quite large (~75 μm), the eyepiece needs to have a long focal distance
(20 cm) to ensure a reasonable separation distance. In our demo, the field of view (FOV) is defined
by the illumination system. However, if we have an illumination system that provides a large
enough illumination area covering the entire eyepiece, the FOV of the Maxwellian view near-eye
display will ultimately depend on the f/# of the eyepiece. In our optical setup, the eyepiece has an
f/3.9, which corresponds to a maximum horizontal FOV of ~14.5° in theory. To enlarge the
maximum FOV, a smaller f/# eyepiece is required, and thus a smaller grating pitch is needed. To
fabricate a smaller pitch Dammann grating, decreasing the magnification factor of the exposure
setup (Fig. 3-3(b)) is an option. However, the total effective area of the grating will also be shrunk.
Other options include using a predesigned photomask instead of a SLM or applying a different
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material other than LC polymer. With an improved fabrication technique, a Dammann grating with
more uniform higher orders (e.g. 3-by-5) will be an intriguing choice for further enlarging the
eyebox.

3.2.5 Short Summary
We proposed and demonstrated a Maxwellian view near-eye display with an enlarged
eyebox for AR/VR/MR displays. The eyebox expansion is achieved by pupil replication, which is
physically realized by inserting a Dammann grating into the optical system. In experiment, a
customized 3-by-3 Dammann grating was fabricated using patterned LC polymers which achieved
good efficiency and high brightness uniformity. Through constructing a Maxwellian view display
breadboard, an enlarged eyebox and full color operation are proven. To further enlarge FOV, a
smaller pitch Dammann grating is desired. Our work shows a very promising means of eyebox
expansion in Maxwellian view display while maintaining full-color operation, simple system
configuration, compactness, and lightweight.

3.3 LC Miniature Planar Telescopes for Laser Beam Steering
3.3.1 Motivation
The telescope is one of the most important inventions in the history of optics, which can
be traced back to early 1600s [58]. It magnifies the incident angle of light by a certain ratio
regardless of the incident position on the objective lens. With a large magnification factor and
excellent optical quality, it enables the observation of distant objects, making it an indispensable
tool in astronomy. In fact, such an operation principle is very useful for non-mechanical laser beam
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manipulating systems. Precisely positioning a laser beam has been proven to be pivotal for
widespread applications including light detection and ranging (LiDAR), microscopy, optical
tweezers, and laser micro-machining [59-62]. In addition, the recent developments of autonomous
vehicles, near-eye displays, and high-precision 3D printing have aroused an urgent need for
lightweight, compact, high-efficiency, high-precision and/or large-angle beam steering technology,
which is still missing [63-65]. For the most mature non-mechanical beam steering technology,
termed optical phased array (OPA), it offers quasi-continuous laser beam positioning, but can
maintain high efficiency only within a relatively small steering angle range (e.g. ±5°) [66].
Combined with dielectric metasurfaces, >35% efficiency has been realized for a large beam
deflection angle of 11° at red wavelengths (~650 nm) [67]. To further enlarge the steering range
while maintaining high efficiency, coupling an OPA with a telescope system is a viable approach.
However, it is quite challenging to obtain a compact, low cost, lightweight, and high-quality
telescope module with conventional optics [68].
Planar optical elements (POEs) based on patterned LCs have recently received extensive
research interest [69-71]. Unlike dielectric metasurfaces which are usually fabricated by
sophisticated lithography process, LC planar optics, thanks to the self-assembly properties of LCs,
can be simply created by directly coating LC monomers on a substrate (or filled in a cell) with
predefined molecular alignment patterns. Such patterns can be easily obtained through
photoalignment techniques or others, and the thickness of the alignment layer is usually in the
order of 10 nanometers [72,73]. Progresses have been made in delivering high-quality lenses,
gratings, optical vortex processors, and so on [74-76]. Using a chiral liquid crystal, even subwavelength grating pitches can be obtained with simple fabrication techniques [77,78].
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Engineering of the operating spectral/angular bands in these optical devices has also been
illustrated in both passive and active means. For example, polymerized multi-twist structures can
be introduced to broaden the spectral/angular bandwidth as a passive means [56,57]. Meanwhile,
active devices leverage the properties of LCs that can respond to external stimuli such as
mechanical stress, electric fields, and light [69,79,80]. However, all the above-mentioned
explorations are focused on functionalities that can be realized in a single-layer device. By
transitioning from single layer to multilayer, more novel and distinct functionalities can be
rationally designed [81,82], while still maintaining the advantages of LC planar optics, such as
high efficiency, thinness, low cost, lightweight, easy processing, and flexibility, etc.
Herein, we propose a cascaded LC planar optical element to achieve a miniature planar
telescope for improving the performance of quasi-continuous laser beam steerers. The planar
telescope enlarges the incident angle of light by a scalar factor, independent of the incident position.
This unique feature has not yet been demonstrated with single layer POEs. In experiments,
different micro-POEs with pre-designed phase profiles are fabricated using patterned LC polymers
and assembled into miniature planar telescopes with different magnification factors. With the help
of a planar telescope, the steering angle range can be enlarged greatly without losing too much
power. Further characterization ensures the high quality of the output beam. Such a miniature
planar telescope shows the potential of LC polymer based cascaded POEs in achieving lightweight,
low power, cost-effective optical components, which hold great promise for practical applications.
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3.3.2 Angle Magnification by a Planar Telescope
Figure 3-8(a) compares three different ways of controlling the light direction independent
of the incident position, including grating diffraction, surface refraction, and angle magnification.
For diffraction gratings, the grating imparts a fixed in-plane momentum component to the incident
beam. Therefore, the output beam angle does not have a constant magnification to the incident
angle. For surface refraction, the in-plane momentum is conserved at the boundary of two different
media. In the paraxial approximation, the output beam can have a fixed magnification according
to Snell’s law. However, in terms of actual application scenarios, the input and output media should
be the same, and there will be no magnification. In comparison, for an ideal angle magnification,
the incident beam angle should be scaled up with a fixed magnification factor (under paraxial
approximation) and different input and output media are not required. In this case, the device adds
different in-plane momentum components to beams with various input angles. This function can
hardly be realized with only a single-layer POE.
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Figure 3-8 Angle magnification concept. (a) Schematic of light direction adjustment through
grating diffraction, surface refraction, and angle magnification. In the first case, the grating adds a
constant in-plane momentum component to the incident light independent of its incident angle. In
the second case, upon surface refraction, the in-plane momentum component is conserved, but the
output angle is scaled to the incident angle by Snell’s law. In the third case, for an ideal angle
magnification, the device adds an in-plane momentum component to the incident light with a fixed
scaling factor, and the input and output media are the same. (b) Illustration of a planar telescope
consisting of two POEs for achieving angle magnification. Both POEs have spatially variant inplane momentum. POE II compensates the spatially variant in-plane momentum of light added by
POE I. Together, they work as a grating with adaptive periods according to the incident angle. 𝒑𝒑𝒐𝒐∥ :
in-plane momentum component of the output light; 𝒑𝒑𝒊𝒊∥ : in-plane momentum component of the
incident light; 𝒑𝒑𝒎𝒎 : in-plane momentum component of the grating; M: magnification factor; POE:
planar optical elements.
A cascaded POE with a designed phase gradient is feasible to realize angle magnification,
where the simplest case is stacking two POEs, as Fig. 3-8(b) depicts. For convenience, we assign
certain in-plane momenta to POE I (𝑝𝑝1 (𝑥𝑥1 )) and POE II (𝑝𝑝2 (𝑥𝑥2 )), and call the separation distance

between these two POEs as d. Since the LC polymer-based POE is thin (in the order of 1 μm), in
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the paraxial approximation, its response can be regarded as local. Then, it is easy to prove that if
one of the POEs has a spatially invariant in-plane momentum (𝑝𝑝𝑖𝑖 (𝑥𝑥𝑖𝑖 ) = 𝐶𝐶, where C is a constant),
the cascaded device cannot have an angle magnification factor other than 1. Therefore, these two

POEs require spatially variant in-plane momentum. In this manner, the minimum requirement
demands two POEs with linearly varying in-plane momentum, 𝑝𝑝1 (𝑥𝑥1 ) = 𝑐𝑐1 𝑥𝑥1 and 𝑝𝑝2 (𝑥𝑥2 ) = 𝑐𝑐2 𝑥𝑥2 ,
𝑑𝑑

1

1

where ci is the first-order constant. It can be shown that if the condition, − 𝑘𝑘 = 𝑐𝑐 + 𝑐𝑐 (k, the
1

2

wavevector of light), is satisfied, the cascaded POE will perform angle magnification function with
a scaling factor of 𝑀𝑀 = −𝑐𝑐2 /𝑐𝑐1. This is essentially the working principle of traditional telescopes

with a thin-lens approximation. However, none of the traditional counterparts can provide low cost,
lightweight, and a planar shape, which are highly desired for compact beam steerers.
To realize a planar telescope, at least two POEs with linearly varying in-plane momenta
are required. In 2D space, this means lenses with a parabolic phase profile. Through ray-tracing
simulations, the cascaded POEs with simple parabolic phase profiles are proven to perform the
angle magnification function. However, as the incident angle increases, the quality of the output
beam spot deteriorates slightly (Fig. 3-9). Although this slight degradation would not be critical
for many applications, the off-angle performance can be further improved by incorporating higher
order phase terms. An example of optimized designs is shown in Fig. 3-10. Compared to the design
with parabolic phase profiles, its off-angle performance is greatly improved (Fig. 3-9).
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Figure 3-9 Simulated performance comparison of two planar telescope designs. (a) Angular
spot diagrams of the two designs as a function of incident angles (0°, 3.5°, 5°). Top row: Parabolic
phase; Bottom row: Optimized phase. The black circles demote Airy disks. (b) Root mean square
(RMS) wavefront error of the transmitted light as a function of incident angles.
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Figure 3-10 Optimized phase profiles of the planar optical elements. Optimized phase profiles
of two planar optical elements consisting of the planar telescope with a magnification factor of
2.83.
3.3.3 LC Planar Optical Elements
Attributed to the large birefringence and self-assembly nature, LCs are excellent materials
to realize geometric phase (GP, also known as PB phase) based POEs. For transmissive-type POEs,
GP is patterned by having circularly polarized input light transmitting through an LC layer with
spatially varying anisotropy, as introduced in Chapter 2.2.
Taken a cascaded POE with parabolic phase profiles as an example, if a nominal focal
length fi is assigned to each POE, the first-order constant ci is related to fi as ci = -k/fi, the distance
between these two POE becomes 𝑑𝑑 = 𝑓𝑓1 + 𝑓𝑓2 , and the magnification factor turns out to be 𝑀𝑀 =

−𝑓𝑓1 /𝑓𝑓2 . To achieve a compact design with large magnification, the magnitude of f1 should be much

larger than that of f2 while having an opposite sign. Meanwhile, the form factor should be on a
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microscale. Several methods have been realized to create LC alignment for micro-POEs, including
direct laser writing, nanoimprinting, meta-mask projection, and relayed polarization holography
[83-85]. Among them, polarization holography is most cost-effective and creates a continuous
phase profile. However, previous polarization holography can hardly be employed to create small
f-number (f/#) microlenses due to the existence of a bulky beam splitter in front of the exposure
plane. Here we propose a new method, namely counter-propagating wave polarization holography
to generate the desired LC alignment patterns.
The optical setup of counter-propagating wave polarization holography is schematically
plotted in Fig. 3-11. An OBIS 488-nm LS 60-mW laser (Coherent) is employed as the exposure
source. After filtering and expansion, the linearly polarized laser beam is split into two arms by a
non-polarizing beam splitter. Two quarter-wave plates are placed on the two arms to convert the
linear polarization to circular polarizations. After being redirected by the mirrors, the two arms are
counter-propagating, and the circular polarization has the same handedness with regard to their
own propagating direction. The principle of polarization field generation is similar to the standing
wave polarization holography [86,87]. A template lens (L1) with a small f/# is placed on one arm
to create the desired phase pattern. Another auxiliary lens (L2) with a large f/# is placed on the
other arm to ensure that the two arms have nearly the same irradiance on the exposure plane. In
experiments, the template lens is a commercial aspheric lens with f/1 (Edmund Optics) and the f/#
of the auxiliary lens is ~20. To generate LC POE patterns with different f/#, the exposure plane
and the auxiliary lens position are adjusted simultaneously. Two square photomasks are placed
closely to the exposure plane to ensure a square-shape pattern. The array is exposed by a step-andflash strategy.
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Figure 3-11 Counter-propagating wave polarization holography. (a) Schematic of the
polarization holography exposure setup. A 488-nm laser is split into two arms. Both arms have the
same handedness of circular polarization with respect to the propagating direction. L1 is a template
aspherical lens with small f/#, and L2 is a lens with a focal length of 1 m. The purpose of L2 is to
adjust the irradiance of light so that when the two arms interfere at the sample plane, they have
nearly equal irradiance. P, polarizer; FE, filtering and expansion; BS, beam splitter; QWP, quarter
wave plate; M, mirror; L1, template lens; L2, auxiliary lens; PM, photo mask; S, sample. (b) Image
of the photomask with a dimension of 3-by-3 mm2.
In experiments, three types of polymerized LC micro-POEs were fabricated, with f/# of
5.5, 3.3 and 2.0, respectively. The top row of Fig. 3-12 shows the visual images of the micro-POE
arrays placed above a checkerboard. The size of each square micro-POE is 3-by-3 mm2 and the
distance between micro-POE and checkerboard background is 6 mm. For the f/2 micro-POE, the
nominal focal lengths are ±6 mm for the two orthogonal circular polarization states. In this case,
only the image of the -6 mm lens can be clearly identified. Similar imaging effect can be noticed
for f/3.3 and f/5.5 micro-POEs. The center view of the polarized optical microscope (POM) images
for the micro-POEs is manifested in the bottom row of Fig. 3-12. The fringes with gradually
changing periods clearly illustrate the desired phase pattern. The inset (cyan squares) presents the
LC director distribution in the selected area, which rotates continuously along the radial direction.
For micro-POEs with a larger f/#, the period of the fringes under POM is obviously larger. It is
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important to mention that for the polarization holography-based exposure method, the final phase
pattern on the samples rely mostly on the shape and quality of the template.

Figure 3-12 Characterization of fabricated polymerized LC POEs. Top row: Optical images
of 4-by-4 arrays of fabricated f/2, f/3.3, f/5.5 micro-POEs. The POEs are placed 6-mm away from
the checkerboard background. The imaging effect of POEs can be clearly identified. The red
squares highlight individual POEs. Bottom row: Polarized optical microscope images of the
fabricated micro-POEs with various f/#. The POEs are inserted in between two linear polarizers.
The intensity modulation demonstrates spatially varying LC alignment. For a POE with a smaller
f/#, such spatial variation of LC director distribution is more dramatic. The cyan squares highlight
the LC director distribution of the selected area. A: analyzer; P: polarizer.
3.3.4 Beam Steering Performance of Planar Telescopes
To evaluate the performance of proposed miniature planar telescopes, a measurement setup
is established to mimic how they are employed in practical applications. As shown in Fig. 3-13(a),
a collimated, circularly polarized laser beam (λ=488 nm) is incident on the cascaded micro-POEs,
and its incident angle is controlled by a rotatable mirror (M2). Two planar telescope modules based
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on the cascaded micro-POEs are tested. Module I consists of an f/5.5 micro-POE I and an f/3.3
micro-POE II, while module II is composed of an f/5.5 micro-POE I and an f/2 micro-POE II. The
distance between two micro-POEs is controlled as ~6.6 mm for module I and ~10.5 mm for module
II. The output angle and steering efficiency as a function of incident angles are recorded, as
depicted in Figs. 3-13(b) and 3-13(c), for modules I and II, respectively. By fitting the output angle
and incident angle relationship with a linear function, module I shows a slope of 1.68, which agrees
well with the designed magnification factor, 1.67. Such an agreement also holds for module II,
whose measured slope is 2.73 and the designed slope is 2.75.

Figure 3-13 Miniature planar telescope efficiency and angle magnification. (a) Schematic of

49

the measurement setup. A 488-nm circularly polarized laser beam is incident on the planar
telescope composed of two POEs. A mirror (M2) is fixed on a rotational stage for manipulation of
incident angles. L, laser; P, polarizer; FE, filtering and expansion; M1, mirror I; I, iris; M2, mirror
II; QWP, quarter wave plate; Sc, screen. (b) Performance of module I which is composed of an
f/5.5 POE I and an f/3.3 POE II. (c) Performance of module II which is composed of an f/5.5 POE
I and an f/2 POE II. The measured data are presented by symbols and the solid lines are visual
guides. See Methods for measurement details.
For both modules, the measured steering efficiency stays higher than 80%, which ensures
low energy loss upon angle magnification within the incident field of view. Due to laser safety
concerns, low loss is a highly desirable feature in practical beam steering applications such as
autonomous vehicles and near-to-eye displays. Note that for normal incidence, the efficiency does
not reach 100%, which may be ascribed to the slight haze of the micro-POEs and the slight
deviation of the optimal operation wavelength. Per our measurement, the haze of f/5.5, f/3.3, and
f/2 micro-POEs is 1.7%, 2.2%, and 3.4%, respectively. The haze originates from several factors.
For example, a larger surface roughness of the LC polymer will result in a larger haze, and LC
misalignment can also contribute. But fortunately, a better coating development can further
improve the overall quality and bring even higher steering efficiency [56,74]. On the other hand,
the optimal operation wavelength for these micro-POEs is measured by placing the micro-POEs
in between two circular polarizers and recording their transmission spectra. As shown in Fig. 314, the optimal wavelength for f/5.5, f/3.3, and f/2 micro-POEs is 502 nm, 510 nm, and 492 nm,
respectively. Such a slight deviation will contribute negligible efficiency drop (<1%) according to
the sin2 (Γ/2) law. For oblique incidence, efficiency drop can be observed for both modules and

is more pronounced for module II. This can be understood by the incident angle dependency on
the micro-POE. As the POM images illustrate, the micro-POEs show gradient local grating pitches,
and the smallest grating pitch of f/2 micro-POE (~2.0 μm, parabolic phase) is much smaller than
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that of f/3.3 (~3.2 μm, parabolic phase) micro-POE. For a smaller grating pitch, the decreased firstorder diffraction efficiency as a function of incident angles is more obvious, as numerically
calculated in Fig. 3-15. Nevertheless, this is not fundamentally limiting the device performance as
multi-twist LC structures have already been demonstrated to compensate the off-angle efficiency
loss [57].

Figure 3-14 Operation wavelength characterization. (a) Schematic of the operation wavelength
measurement setup. The POE sample is placed in between two circular polarizers with the same
handedness. The light source is a white halogen light and a fiber spectrometer is utilized as the
receiver. WL, white light source; CP, circular polarizer; S, sample; FS, fiber spectrometer. (b)
Measured transmission spectrum of an f/2 micro-POE. (c) Measured transmission spectrum of an
f/3.3 micro-POE. (b) Measured transmission spectrum of an f/5.5 micro-POE.
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Figure 3-15 Angle dependency of non-twist LC POEs. Calculated incident angle-dependent
first-order diffraction efficiency of non-twist LC POEs with a grating period of 2 μm, 3.3 μm, 5.4
μm, which corresponds to the minimum local grating period of f/2, f/3.3, f/5.5 micro-POEs with a
parabolic phase profile, respectively. The calculation is performed using a home-made rigorouscoupled wave analysis solver.
For some laser beam steering applications, maintaining the beam shape after steering is
important. To record the output beam shape, a characterization setup is established, as depicted in
Fig. 3-16(a) (left). The beam shape as a function of incident angle for both modules is captured,
by adjusting the camera position with respect to the incident angle (Fig. 3-16(a), right). The
recorded beam shape is plotted in Figs. 3-16(b) and 3-16(c), for module I and module II,
respectively. Within the incident angle range, the output beam maintains a circular shape. More
importantly, no optical vignetting is observed. This means, within the range of ±5° incidence on
micro-POE I, all the deflected light is directed to the micro-POE II, and thus maximum efficiency
is reached.
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Figure 3-16 Angle-magnified beam shape characterization. (a) Left: Schematic of the
measurement setup. A 488-nm circularly polarized laser beam is incident on the planar telescope
composed of two POEs. A mirror (M2) is fixed on a rotational stage for controlling the incident
angle. A camera coupled with a neutral density filter is applied to record the output laser beam
spots and the location of the camera shifts according to the rotation angle of M2. Right: The
recording angle of the camera as a function of incident angle. L, laser; P, polarizer; FE, filtering
and expansion; M1, mirror I; I, iris; M2, mirror II; QWP, quarter wave plate; NDF, neutral density
filter; C, camera. (b) The recorded beam shape of module I as a function of incident angles. (c)
The recorded beam shape of module II as a function of incident angles.
To further investigate the wavefront variation upon angle magnification by the proposed
miniature planar telescope, a 4f imaging system shown in Fig. 3-17(a) is applied to characterize
the imaging properties. First, the images of group 2 and group 3 in 1951 USAF resolution test
chart without micro-POEs are captured, as shown in the left part of Figs. 3-17(b) and 3-17(c),
respectively. Then, a planar telescope module consisting of an f/3.3 micro-POE I and an f/2 microPOE II with ~4 mm distance is inserted into the 4f system. The center of the planar telescope is
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located on the 2f plane. The corresponding images are presented in the right part of Figs. 3-17(b)
and 3-17(c). As observed, the planar telescope enlarges the spatial frequency of light on the Fourier
plane, resulting in magnified images on the image plane. Most of the details are well restored,
except for slight ghosting. The ghost images may be ascribed to the slight haze of the micro-POEs,
which scatters light on the Fourier plane. With improved coating, a much better imaging
performance can be expected.

Figure 3-17 Miniature planar telescope wavefront characterization. (a) Schematic of the
measurement setup. A 488-nm circularly polarized laser beam is incident on the 1951 USAF
resolution test chart which is then imaged by a 4f system. A planar telescope module composed of
an f/3.3 POE I and an f/2 POE II is placed on the 2f plane. Images with and without the planar
telescope module are recorded. L, laser; P, polarizer; FE, filtering and expansion; QWP, quarter
wave plate; T, test chart; L1, lens I; L2, lens II; C, camera. The focal length of L1 and L2 is 15
cm. (b) Captured images of group 2 of resolution test chart without (left) and with (right) planar
telescope. (c) Captured images of group 3 of resolution test chart without (left) and with (right)
planar telescope.
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3.3.5 Discussion
Here two planar telescope modules with an incident angle range of ±5° and an operation
wavelength of 488 nm have been demonstrated. For some beam steering applications, a longer
operation wavelength is usually applied, e.g. near infrared, mid-wave infrared or even longer
wavelengths. Note the minimum local grating pitch that polymerized LC POEs can offer has a
weak correlation with the operation wavelength. In that sense, for a longer wavelength, the
magnification factor could be further enlarged. As an example, assuming a working wavelength
of 940 nm, a minimum local grating pitch of 2 μm, an incident field range of ±5°, and no optical
vignetting, then a magnification factor of 5.4 can be expected.
The planar telescope presented in this work has millimeter scale and thickness. To further
reduce thickness, submicron scale POEs can be a good choice due to the device scalability. If
scaled down, a 2D array of POEs may be applied to extend the aperture size of the planar telescope.
However, even with seamless tiling of the POEs, the output wavefront will be modulated by the
array in this case. For beam steering applications without strict requirements on the output
wavefront, this is still a quite promising route. Beside working as magnifiers, the planar telescope
can also scale down the incident angles by properly choosing the combination of POEs. Through
scaling down the incident angles, the steering range is decreased but the steering precision is
improved. High-precision laser beam steering is particularly useful for applications with a
requirement on ultra-high steering resolution over a narrow steering range, such as fine tracking
for space communication.
In conclusion, lightweight, low cost, miniature planar telescopes enabled by polymerized
LC POEs are demonstrated and evaluated. The planar telescope shows high efficiency,
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engineerable magnification factor, and small wavefront distortion, which is highly promising in
practical applications requiring advanced laser beam steering technology. Moreover, the planar
telescope proves the potential of cascaded POEs based on LC polymers, and should enlighten more
novel and elaborated optical designs for practical uses.

3.4 Comparison of Several Pattering Techniques
So far, we have demonstrated some novel LC devices enabled by TPP and photoalignment.
Comparing with the mechanical rubbing method, they show their own pros and cons. Here, a
comparison among these three alignment techniques in terms of anchoring strength, pattern ability,
patterning speed, and alignment stability is summarized in Table 3-1.
Table 3-1 Comparison among three alignment techniques.
Mechanical rubbing

Photoalignment

TPP

Anchoring strength

high

high

medium

Patterning ability

low

medium (2D)

high (3D)

Speed

medium

medium*

slow**

Stability (UV, heat, …)

high

medium

high

* This depends on the method of patterning. For direct-write, the speed can be low; However, for
interferometry, the speed can be fast. ** This depends on the method of patterning. If helped with
nanoimprinting, the speed can be fast.

The anchoring strength of TPP alignment is dependent on the shape of the nano-grooves.
A smaller groove pitch will result in a higher anchoring strength. By contrast, the anchoring
strength of rubbing and photoalignment relies on intermolecular forces, which is stronger than pure
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geometric confinement. We have shown that TPP can be utilized to generate alignment on planar
and curvilinear surfaces and in bulk, while photoalignment is a powerful tool to create arbitrary
alignment patterns on a surface. Comparing with mechanical rubbing, these two methods exhibit
much better patterning ability. Regarding patterning speed, it depends highly on the detailed way
of patterning. For example, photoalignment based on interference exposure is quite fast, but direct
laser writing of photoalignment can be slow depending on the resolution. The stability of
mechanical rubbing and TPP alignment against UV light, heat, and humidity is generally very
good. However, photoalignment materials studied in our case can be sensitive to UV due to the
reversible photo patterning process. Meanwhile, studies have shown that the anchoring strength of
azo-dye molecules relies heavily on the environmental (e.g., storage, exposure) humidity.

3.5 Summary
In this chapter, we investigate two photonic devices enabled by cost-efficient, reversible
photoalignment patterning. The first is an LC Dammann grating, achieved through direct
projection based on a spatial light modulator. Such a method is convenient for creating pixelized
alignment that has abrupt changes from pixel to pixel. The second is a miniature planar telescope,
realized by an interference exposure method. This method can generate continuously and smoothly
changing LC alignment. Depending on different requirements, these methods can be leveraged to
achieve a variety of photonic devices. The binary Dammann grating with designable uniform
diffraction orders is a good choice for expanding eyebox of Maxwellian view displays, while the
planar telescopes with continuous phase profiles are desirable for laser beam steering applications.
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CHAPTER 4 : PASSIVE PDLC ENABLED BY FIELD-ASSISTED
ALIGNMENT
4.1 Optical Properties of Vertically Aligned Polymer-Dispersed Liquid Crystals
Traditionally, polymer-dispersed LCs (PDLCs) are applied as scattering-type optical
shutters, either in normal mode (switching from scattering state to transparent state) or reverse
mode (switching from transparent state to scattering state). In a normal-mode PDLC, the LC
directors are arranged as micron-sized droplets dispersed in the polymer matrix by phase
separation [88]. Within each droplet, the LCs are aligned in a certain direction to minimize the free
energy. However, at the voltage-off state, the LC alignment direction varies from droplet to droplet,
causing light scattering macroscopically. In the presence of a sufficiently high voltage, all the
droplets are aligned along the vertical direction, and the PDLC is switched to a transparent state
[89]. Selective scattering will be observed in such a state, where the normal incidence shows high
transmittance and the scattering becomes stronger as the incident angle increases [90]. This
selective-scattering property can be a useful feature for a variety of applications. However, the
active PDLC devices suffer from thick substrates and high operation voltage. Here, the goal is to
obtain well-aligned passive PDLC films with different selective scattering properties.
Two kinds of selective scattering are investigated. For the first kind, the ordinary refractive
index of LCs nearly matches the refractive index of the polymer matrix. The birefringent nature of
LCs renders the PDLC both angle and polarization dependency. As shown in Fig. 4-1(a), ideally
the s-polarized light will always see the ordinary refractive index of LCs (no) and the refractive
index of the polymer (np). Since in this case they are nearly matched (no ≈ np), the s-polarized light
will not be scattered. In contrast, the p-polarized light (Fig. 4-1(b)) sees the effective refractive
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index of the LC (neff) and the np of the polymer, where neff can be calculated using no, ne (the
extraordinary refractive index of the LC), and incident angle (α) as:

neff =

no ne
ne2 cos 2 α + no2 sin 2 α

.

(4)

At the normal incidence (α = 0), the p-polarized light sees no (neff = no) of LC and np of the polymer,
and thus will not be scattered. At larger oblique angles, the mismatch between neff and np becomes
more significant, causing stronger light scattering.

Figure 4-1 Schematic illustration of the working mechanisms of the first kind PDLC. (a) spolarized and (b) p-polarized light incidence on the passive PDLC film.
For the second kind, the refractive index of the polymer is selected to be different from the
ordinary refractive index of LCs (np ≠ no) but matches the effective refractive index of the
employed LC at some oblique incident angle α (np = neff). As shown in Fig. 4-2, due to the refractive
index mismatch, the normally incident light (along z direction) is scattered independent of
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polarizations. At an oblique incidence, the film is polarization dependent. Ideally, the p-polarized
light sees np of the polymer and neff of the LC droplets (Fig. 4-2(a)). As the incident angle increases,
the refractive index mismatch and thus scattering decreases first, reaches the minimum value at α,
and then increases again. On the other hand, the s-polarized light sees np of the polymer and no of
the LC droplets no matter at what incident angle (Fig. 4-2(b)). Therefore, it is even more scattered
at oblique incidence due to the increased optical path length inside the polymer matrix. This
principle applies to not only the xz plane but also the yz plane. If the alignment of LC droplets is
not good enough, the loss of angular selectivity from s-polarized light will offset the gain from ppolarized light. Consequently, realizing good vertical alignment of LC droplets for such passive
films is crucial.

Figure 4-2 Schematic illustration of the working principles of the second kind PDLC. (a) ppolarized and (b) s-polarized light incidence on the passive PDLC film.
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4.2 Achieving Passive Alignment in PDLC
The method of realizing passive vertical alignment in PDLC is similar in both cases. Here
we take the second kind as an example. Our initial attempt is to fabricate a thick (~50 μm) film
similar to that reported in [91]. After sweeping the material composition (weight ratio of LCs,
reactive mesogens and prepolymers) and the fabrication condition (applied electric field, UV light
irradiance and curing time duration), we successfully fabricated somewhat aligned PDLC samples.
Specifically, a 50-μm LC cell without surface alignment was filled with a precursor mixture
containing 49.92% ZLI 1844 (Merck; birefringence Δn=0.18), 2.97% RM 257 (reactive mesogen)
and 47.11% NOA 60 (prepolymer with np = 1.56). In the presence of a 4 V/μm electric field, the
cell was exposed under UV light with an irradiance of 5 mW/cm2 for 40 minutes. To characterize
its selective scattering properties, the passive PDLC was fixed on a rotation stage and set to the
center of a glass cylindrical container filled with an index matching oil. The incident light (from a
450-nm laser diode) was perpendicular to the PDLC at the initial state, and the incident angle could
then be adjusted by rotating the PDLC. The transmittance is normalized to the case where the
PDLC is absent and the collection angle of the detector is 2.4°. Here an angle range of 40° in glass
was measured since such a range can cover most angles in air. The measured results are plotted in
Fig. 4-3, denoted by the black line. The PDLC is partially aligned based on the observed weak
angular selectivity for the p-polarized incidence. However, the alignment is not ideal because the
transmittance difference between α=30° is not too significant from that at 0°.
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Figure 4-3 Angle-dependent transmittance measurements for (a) p-polarized and (b) spolarized input light in glass.
To overcome this imperfect alignment issue, a thin vertical-alignment (VA) cell was
applied. The surface anchoring does provide decent alignment to the LC droplets near the surface,
reduce the droplet size, and narrow the droplet size distribution [92,93]. In experiment, we
modified and optimized the material system to provide moderate angle-selective scattering. Here,
a PDLC precursor mixture was developed, consisting of 49.21% ZLI 2144 (Δn = 0.19), 4.90% RM
82 and 45.89% NOA 60. After being injected into a 5-μm VA cell, the PDLC precursor was
exposed by UV light with an irradiance of 2 mW/cm2 for 40 minutes, either with or without 4
V/μm electric field applied. The angle-dependent scattering properties were then measured, as
shown in Fig. 4-3. The 5-μm PDLC cured without voltage (red lines in Fig. 4-3(a)) shows some
angle-dependent transmittance, indicating that the surface anchoring has some influence on the LC
droplet alignment. However, in comparison with the 5-μm PDLC cell cured at 20 Vrm (green lines
in Fig. 4-3(a)), such an angular selectivity is much weaker. With the help of both surface anchoring
and electric field, an almost perfectly aligned PDLC can be realized.
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With similar fabrication strategies, the first kind passive PDLCs are also fabricated. The
angle-dependent scattering properties were then measured in the same way, as shown in Fig. 4-4.
As expected, the two linear polarizations show different behaviors. The s-polarization maintains a
high transmittance (> 80%) in air (corresponding to 0° ~ 40° angles in the medium), while ppolarization starts to be scattered (transmittance < 80%) when the incident angle is larger than 20°
in the medium (corresponding to 33° in air).

Figure 4-4 Angle-dependent transmittance measurements for p-polarized (red) and spolarized (blue) input light in a high index medium (n = 1.58).
4.3 Passive PDLC for Multi-Focal Plane Displays
After obtaining aligned PDLCs, we can apply them in practical applications. The first kind
PDLC can be applied as a transparent projection display (TPD) screen and be adapted in a multiplane display to overcome the VAC issue in near-eye displays.
Figure 4-5(a) illustrates our proof-of-principle system, where a birdbath architecture is
utilized. Two displays, one non-projection display (denoted as display panel 1 in Fig. 4-5(a)) and
one PDLC-based TPD, are employed to generate two planes. The projected image on PDLC is
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coupled through a dove prism. The visual effect of the passive PDLC is shown in Figs. 4-5(b) and
4-5(c). The PDLC is highly transparent at the normal view (Fig. 4-5(b)), while it is scattering when
looking through the sloped surface of the prism (Fig. 4-5(c)). This special angular selective
scattering property ensures that displays behind the PDLC are clear and, in the meantime, the
projector can form an image on the PDLC. Here, only two planes are illustrated. However, in
principle, more planes can be created by stacking more PDLC TPDs. By doing so, the thickness
of the TPD will be important for mapping the depth accurately. Here the thickness is primarily
determined by the prism. To construct more planes, a thin lightguide can be used to allow multiple
total internal reflections before forming the image on the PDLC.

Figure 4-5 Dual-plane display with a passive PDLC film. (a) Schematic illustration of the dualplane display using a birdbath architecture. The key component here is the angle-selective
scattering passive PDLC. The PDLC is (b) highly transparent at the normal angle but (b) scattering
at large oblique angles.
To prove the feasibility of using the proposed passive PDLC in multi-plane displays, the
dual-plane display depicted in Fig. 4-5(a) is built. A commercial LCD (with circularly polarized
output light) serves as display panel 1 and a liquid-crystal-on-silicon (LCoS) projector produces
an image on the PDLC. The mirror is placed 1.7 cm behind the convex lens (f = 20 cm). The
distance between the PDLC and the lens is 7 cm and that between the LCD and lens is 9.5 cm. The
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total volume of the system is about 12×5×5 cm3, and the system has good tolerance for assembly
and calibration. Figure 4-6 shows two photos captured in front of the beam splitter. “UCF” letters
are projected onto the PDLC and “LCD” letters are displayed on the LCD. The focal plane
generated by the PDLC TPD is at ~0.4 m (with a magnification of ~3×) and that generated by the
LCD is at ~1 m (with a magnification of ~8×). The “UCF” characters have slightly different image
sharpness, due to the limited depth of focus of the LCoS projector. Two real objects with distance
indicators are placed behind the beam splitter to show the depth difference between these two
planes. The constructed dual-focal plane display can easily achieve full color operation within 10°
FOV, while the image on the LCD will not be blurred by the PDLC. It should be pointed out that
the total power efficiency of the PDLC TPD in the system is not high (~2.5%) for two reasons: 1)
the relatively low scattering efficiency of the PDLC in the desired direction, and 2) the use of a
beam splitter. Further improving the scattering efficiency will be crucial.

Figure 4-6 Photos captured through the dual-plane display prototype. The camera focuses at
around (a) 0.4 m and (b) 1 m in front of the beam splitter.
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In principle, more focal planes can be constructed by inserting more PDLC TPDs into the
system. But a common issue in TPD-type multi-focal plane displays is that the transmittance of
the farthest displays will be greatly reduced. Consequently, the display brightness needs to be
enhanced. Another concern is the image quality degradation after passing through multiple TPDs.
Since the image blur comes from the scattered light, if only a tiny portion of the scattered light
enters human eye, the image quality should remain good. In [94], a four-plane display based on
polymer network liquid crystal TPD has been demonstrated with ~90% transmittance of each layer,
and its image quality remains decent. Consequently, similar image quality can be expected in our
case if more PDLC TPDs are utilized.

4.4 Passive PDLC for Mini-LED Backlight
The second kind PDLC can be applied as a volumetric diffuser to tailor the angular
emission profile of mini-LEDs in an LCD backlight system, such that a much fewer number of
LEDs is required to maintain high uniformity at a fixed propagating distance [95,96].
After achieving PDLC films with good alignment and thus outstanding angular selectivity,
we apply them to a commercial blue LED (unpolarized light source) and study how the angular
intensity distribution is tailored. In the characterization, four 5-um PDLC films cured at 20 V are
stacked together and adhered to the blue LED directly. Here, four films are utilized to increase the
contrast of angle-selective scattering. As Fig. 4-7 shows, the angular intensity distribution of the
LED without PDLC films is already quite broad with a peak at the normal view. After the PDLC
films are applied, the angular intensity distribution of the LED becomes batwing-like, with a peak
at about 40° in air and the intensity at normal view is about 77% of that at 40°. For mini-LED
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backlights, a batwing-like angular distribution can spread the light out much faster than a
Lambertian-like angular distribution. Therefore, the introduction of the light-shaping films into the
backlight system should effectively decrease the backlight thickness or/and reduce the number of
mini-LEDs.

Figure 4-7 Measured angular intensity distribution of a commercial LED without (black)
and with (red) PDLC films.
To show how this angular distribution change influences the mini-LED backlight system,
a simplified ray-tracing simulation model in LightTools is established. As demonstrated in Fig. 48(a), mini-LEDs with a size of 200 × 200 μm2 are arranged in a square lattice with a lattice constant
(pitch) of d, and a receiver is placed 1 mm away from the mini-LED backplane. By assigning the
angular intensity distributions illustrated in Fig. 4-7 to the LEDs, light uniformity at the receiver
plane can be obtained, which is calculated by:
uniformity = 1 −

I max − I min
.
I max + I min

(5)

where Imax and Imin denote the maximum and minimum illuminances at the receiver plane,
respectively. The simulated uniformity as a function of d for the two angular intensity distributions
is depicted in Fig. 4-8(b). If we set a target uniformity of 90%, then the largest pitches for the LED

67

without PDLC, and the LED with PDLC are about 1.26 mm and 1.53 mm, respectively. These two
cases are circled in Fig. 4-8(b), and the corresponding normalized illuminance distributions are
plotted in Fig. 4-8(c) (without PDLC) and Fig. 4-8(d) (with PDLC). The illuminance distribution
plots have a dimension of 2d × 2d, which encloses four mini-LEDs. By utilizing the PDLC films,
about 32% (=1-(1.26/1.53)2) of the mini-LEDs can be saved to achieve the same uniformity.

Figure 4-8 Raytracing simulation of mini-LED backlight with and without the volumetric
diffuser. (a) Schematic plot of the simplified ray tracing model; (b) Uniformity of the two miniLED backlights as a function of LED pitch length d where the normalized light illuminance
distributions of the black circle and the red circle are plotted in (c) and (d), respectively.
It should be pointed out here that our simulation model is simplified for proving concept.
In real cases, brightness enhancement films (BEFs) and/or other films will still be required to
narrow the angular distribution of light and depolarize the light before entering the LC module so
that the light intensity distribution after passing through the polarizer of the LC module remains
uniform. Back reflectors are also useful for recycling the reflected light from PDLC [97].
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Nevertheless, since the effective thickness of the PDLC films is only about 20 μm, applying these
PDLC films to the existing mini-LED backlight system helps to reduce the number of LEDs and/or
the backlight thickness. Another aspect is that for a white backlight, a separate color-conversion
layer is indispensable if only blue LEDs are employed. But fortunately, the PDLC films are
intrinsically broadband. Consequently, they are highly promising to be directly applied to white
LEDs.
The optical properties of the PDLC films can also be tailored according to different
requirements. For example, the angle of maximum transmittance can be tuned by engineering the
refractive indices of the employed LC and polymer as long as np matches neff at α. The scattering
strength can also be adjusted by controlling the index mismatch between np and no and/or the total
thickness of the PDLC film. The large variability ensures the potential of almost arbitrary tailoring
the angular distribution of LEDs. More importantly, with good spatial uniformity, such a PDLC
film only responds to different angles rather than spatial locations. Therefore, these films can be
placed in close vicinity to the LEDs without registration issue so that the backlight unit can be very
compact.

4.5 Summary
In this chapter, electric field-assisted alignment in PDLCs is demonstrated. With the help
of vertical alignment in a thin cell, addition of reactive mesogen in the mixture, and sufficient
vertical electric field, LC droplets in PDLCs are aligned vertically and passive films can be created.
Such passive PDLC films show polarization- and angle-dependent light scattering that can be
engineered through composition tuning. Two kinds of selective scattering films have been
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demonstrated. The first kind scatters obliquely incident light but is highly transparent for normally
incident light, while the second kind scatters normally incident light but is more transparent for
obliquely incident light. Applications that benefit from the special angle-selective scattering
properties are presented. For the first kind, it can be utilized as a transparent projection screen.
One can see through such a screen, while a digital image is coupled by projecting at a large incident
angle. For the second kind, it works as a volumetric diffuser tailoring the emission profile of an
LED. Applying such a diffuser in a mini-LED backlight system, a fewer number of LEDs are
needed to obtain the backlight with good uniformity.
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CHAPTER 5 : CONCLUSIONS
In this dissertation, we mainly focus on novel LC devices enabled by three different LC
alignment generation methods: 1) TPP DLW-assisted alignment, 2) reversible photoalignment
based on Weigert effect, and 3) electric field-assisted alignment in a PDLC system.
In Chapter 2, we focused on TPP DLW-assisted LC alignment. Thanks to the recent
development in high-resolution 3D fabrication, TPP is able to generate LC alignment based on
surface topography (e.g., nano-grooves). By controlling the local surface topography, different
alignment patterns can be created on planar, curvilinear surfaces, and especially in a 3D volume.
Through an example of a PB microlens array, the feasibility of arbitrary-direction alignment
patterning on a planar surface was proven. We further demonstrated that such 2D alignment is
compatible with nanoimprinting lithography, which can enable rapid and reliable replications of
the alignment patterns. Then, we discussed the viability of creating alignment on curvilinear
surfaces through an instance of refractive microlens arrays. Unlike traditional method, TPP is
capable of polymerizing both microlenses and alignment simultaneously with high quality. Next,
we highlighted the unique feature of TPP that is to construct LC alignment in a 3D volume. To
prove concept, we demonstrated a multi-layer structure for polarization-independent phase
modulation. Comparing to other methods, the multi-layer structure can achieve fast response time
and controllable voltage shielding simultaneously. Since this alignment generation method is still
in its infancy, there still some technical issues to be overcome. Here two aspects are emphasized:
fabrication yield and polymer relaxation/deformation. As TPP is intrinsically a serial process, the
fabrication yield for large area can be low. To tackle this issue, turning the serial process to parallel
one is crucial. Another aspect, post-polymerization deformation of the photoresist, should also be
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considered during designs. Nevertheless, as the advances in fabrication technique will bring in
new possibilities, we believe TPP-based DLW can achieve more novel, tunable LC photonic
devices in the foreseeable future.
In Chapter 3, we explored novel optical devices enabled by reversible photoalignment
based on Weigert effect. In comparison with TPP DLW-assisted LC alignment, the photoalignment discussed in this chapter is more mature. In such a technique, how to generate designed
space-variant linear polarization field is pivotal. Here, two methods for creating polarization field
are highlighted: 1) the direct projection method, and 2) the interference-like exposure method.
Using the direct projection method, an LC Dammann grating with pixelized binary phase profile
was achieved. Such a method relies on a spatial light modulator and is convenient for creating
pixelized alignment that has abrupt changes from pixel to pixel. The designed 3-by-3 (orders) LC
Dammann grating showed a diffraction efficiency (~45%) close to the theoretical prediction
(~55%). A good uniformity of ~0.13 was obtained, which also agreed well with theory (~0.08).
Such an LC Dammann grating is desired for Maxwellian view near-eye displays to enlarge the
eyebox. A Maxwellian display demo was further constructed to prove this concept, and a
uniformly enlarged eyebox was realized with full-color operation. On the other hand, by a counterpropagating wave interference exposure method, miniature high-quality microlens arrays were
fabricated and further assembled into planar telescopes. Comparing to the spatial light modulatorbased projection method, the interference exposure method can generate continuously and
smoothly changing LC alignment. The assembled planar telescopes are promising to work as an
optical angle magnifier for enlarging the beam steering angular range from an optical phased array.
Through experimental characterizations, over 80% efficiency was obtained within the incident
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field of view, and the beam shape is well maintained. The premium quality makes them great
candidates for beam steering applications such as LiDAR, eye-tracking, etc. Through these two
examples, we show that a variety of methods can be leveraged to achieve different and novel
photonic devices for practical applications. We believe the power of photoalignment is more than
what we presented here.
In Chapter 4, we established a method to perfectly align LC droplets in a PDLC system.
With the help of vertical alignment in a thin cell, addition of reactive mesogen in the PDLC mixture,
and sufficient vertical electric field, almost perfect vertical alignment can be created in the passive
films. In contrast to traditional active PDLC cells, such passive PDLC films bypass the high
operation voltage issue, and exhibit polarization- and angle-dependent light scattering that can be
engineered through composition tuning. Two kinds of selective scattering films have been
demonstrated: 1) The first kind scatters obliquely incident light but is highly transparent for the
normally incident light, and 2) the second kind scatters the normally incident light but is more
transparent for the obliquely incident light. Applications that benefit from the special angleselective scattering properties are presented as well. For the first kind, it can be utilized as a
transparent projection screen. One can see through such a screen, while a digital image is coupled
by projecting at a large incident angle. Comparing to other methods, such a passive PDLC shows
high transparency and allows full-color operation. By this principle, we built a full-color multifocal plane display to mitigate the vergence-accommodation conflict in near-eye displays. For the
second kind, we applied it as a volumetric diffuser to tailor the emission profile of an LED. In the
presence of such a diffuser in a mini-LED backlight system, a fewer number of LEDs are needed
to obtain the backlight with good uniformity.
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